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BSTRACT

Keywords: A significant increase in the rate heat transfer in a heat exchanger system is made possible by increasing

Perforated convection heat-transfer coefficient using a passive method. The addition of vortex generators (VGs) to the
tangular winglet and : of a heat exchanger is currently the most effective passive method. However, the increasg_in heat was
— ace ied by an increase in pressure drop. Therefore, in this study, we installed perforated ca;ﬂlve rectan-

Pressure drop

Vortex generator
Heat transfer
Thermal performance

through the six heated tubes to the air stream by lowering the enhancement in t sure drop. We attempted
to determine the best cost-benefit ratio (CBR) with a fluid flow velocity difference of 0.4-2 m/s at intervals of 0.2
m/s (Reynolds number (Re) of 2143 to 11,763) in the channel. The PCRWP VGs were composed of in-line and
staggered configurations. The results showed a lower CBR (3.56) for the in-line configuration than for the
staggered configuration. Moreover, the lowest CBR was accompanied by an increase in thermal performance

gular winglet pair vortex generators (PCRWP VGs) on plates in rectangular duwm:m the heat transfer

(TEF) of 1.29.

1. Introduction

The global energy demand is expected to triple over the next few
years. According to a statement by the International Energy Agency
(IEA), the main driver is the increasing use of air conditioning (AC)
machines [1]. Thus, promoting energy efficiency in air conditioners is
important and requires maximising their thermal performance, which
involves increasing the rate of heat transfer in its main component, i.e.,
the condenser. A condenser, commonly used in air conditioners, com-

es a fin and a tube and functions as a refrigerant cooling medium.
However, the high thermal resistance (75%) of the fin air side of the
condenser lowers the heat-transfer rl:@he heat exchanger [2]. Thus,
the thermal resistance must be lowe enhance the heat transfer rate.

A commonly used active methods to increase the rate of heat transfer
involves adding vortex generators (VGs), which, according to the
research results obtained by Mugisidi et al., increases the performance of
a condenser [3]. The added VGs cause longitudinal vortices (LVs),
damage the primary flow, make the second flow as large as the first and
increase air mixing i e area [4,5]. The size of the LVs, shape of the
flow, and mixing are influenced by the shape, geometry and position of

the VGs added to the fins and tubes of the heat exchzaer [6].

Samidifat et al. showed that simple rectangular vortex generators
(RVGs) can increase the heat transfer rate by 7%; however, this causes a

pressure drop in the heat exchanger system [7]. Meanwhile, modi
RVGs with a concave shape on the front and rear surfaces decreased the
heat transfer performance of the heat exchanger tube. A better option is
to use RVGs with a double convex front surface and a single concave
surface, which can strengthen the primary vortex, increasing the
rate of heat transfer from the plate to the fluid, as demonstrated in a
study by Kashyap et al. [8]. Further research conducted by Kashyapet al.
in the same year concluded that modifying the surface shape of rect-
angular winglet vortex generators (RWVGs) can create longitudinal
that interact with the boundary layer, thereby increasing the rate
of convection heat transfer [9]. Based on their research, the increase in
the optimal heat transfer rate was 14.4. The optimal heat transfer per-
formance was also obtained from the results of experiments conducted
by Adnan et al. on rectangular ducts by adding delta and rectangular
winglet VGs [10]. Concave curved delta winglet VGs were compared
with cfi@ex curved delta winglet VGs by Song et al. to observe changes
in the heat transfer rate [11].The results showed that the concave VGs
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improved the heat transfer better than ﬂleBwex VGs. The differences
in the shape of the VGs affects the change in the heat transfer rate and
the change in the geometry of the VG, such as a new rib geometry in the
cylinder channel [12]. 12

Zeeshan et al. showed that increasing the angle of attack increased
the rate of heat transfer (to 37.01-64.54%) if a pair of R¥ENGs were
placed at the back of the tube even though this did not reduce the
pressure drop [13]. A decrease in the value of the pressure drop also did
not occur significantly, eﬂlough there was an increase in heat of
260% in heat, as per the results of the research conducted by Linardo
et g the batched heat and channelled pipe (BHCP) approach [14].
The increase in heat transfer performance is influenced by the number of
RWVG pairs based on the research results of Heriyani et al., where there
is an increase in the hydraulic thermal performance evaluation criteria
by 15.17% for three pairs of RWVG compared with the baseline [15].
Wang et nd that the more pairs of VGs placed in the crossflow, the
higher the in n the heat transfer coefficient [16]. Sun et al. further
discovered that increasing the rlber of RWVGs in the heat exchanger
tube increased the heat transfer, with a maximum thermal enhancement
factor (TEF) of 1.27 [17]. The TEF value of a V-delta winglet VG reached
1.82-3% higher than that of a V-rectangular winglet VG, as revealed by
Promvonge et al. [18]. These results were obtained with an optimal
blockage ratio (BR) of 0.15 and pitch ratio (PR) 1.0. Skullong et al.
modified the shapes of RWVGs with optimal BRs and PRs to achieve an
optimum heat transfer performance and reduced pressure drop; their
shape modification involved perforating RWVGs [19].

The positions of the holes in the RWVGs did not significantly affect
the increase in heat transfer; however, they significantly affected the
flow resistance of the VGs. The heat-transfer rate increased asna height
(vertical position) of the hole increased. Widthwise, although there is an
initial irlcreasede heat transfer rate decreased with increasing lateral
distance [20]. An increase in the number of holes in the RWVGs in-
dicates an increase in fluid f]ovahich forces the fluid to flow behind
the RWVGs, thereby increasing heat transfer [4]. The heat transfer rate
increased during laminar flow when the Reynolds number (Re)
increased and then decreased with an increase in Re during turbulent
flow . Positioning the tube in-line with a pair of RWVGs in a com-
mon flow-down configuration provides better performance than the
common flow-up configuration. However, a staggered tube position is
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superior, resulting in a 25.85% higher heat-transfer performance than
when a pair of RBWVGs is not used [21].

In the existing studies, no detailed analyses of heat transfer were
conducted on from the surfaces of several cylinders heated and arranged
in-line w sing a perforated vortex generator. Therefore, the focus
herein is on investigating the advantages of using perforated concave
rectangular winglet pair vortex generators (PCRWP VGs) to increase the
heat transfer of the airflow through heated tubes arranged in-line in the
ducts.

2. Experimental approach
2.1. Experimental setup

This research was conducted experimentally with a test equipment
scheme comprising a rectangular channel sized 370 = 18 = 8 cm. The
duct was made of 1 cm thick glass, as shown in Fig. 1.

Based on Fig. 1, the rectangular channel is ipped with a blower
(50 Hz, Wipro with a rated voltage of 220 V), an inverter bishi
Electric type FR-D700 with an accuracy of 0.01), straighten ot wire
anemometer (Lutron type AM-4204 with an accuracy of 0.1), wattmeter
{Lutron DW-6060 with an accuracy + 1.0}, al processing unit
(CPU), micromanometer, thermocouple (K type with a temperature in-
terval of -200 -1250 “C and an accuracy + 0.5) where one thermocouple
was placed in the air inlet area, six thermocouples on ack surface of
the tubes and 15 on the outlet side of the wire, data acquisition
(Advantech USB-4718 type with an accuracy of 1) and heater
regulator. The heater was connected to six tubes with a diameter of
19.05 mm and height of 65.8 mm, with each tube having the same
power. Total heating power of 40 W was applied to the six tubes using a
regulator. The heating air flowing through the tubes occurs via con-
vection. Thus, the air at the outlet side becomes hotter than that at the
inlet side.

A pressure micromanometer (Fluke type 922, with an accuracy of
+0.05) was used to monitor the flow pressure drop. Two pitot tubes,
eamt 26 cm ahead of the inlet of the test specimen and 2.5 cm behind
it, were connected to a micromanometer to measure the pressure drop.
The pressure drop measurements were recorded 30 times for 5 sekon at
each speed variation. Furthermore, flow visualisation was performed by

Pressure Micromanometer

Wire

1PN

Inverter

Monitor

Kevboard

Fig. 1. Experimental tool schematic.
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directing the smoke from vaporised fluid in the fluid vaporator into the
mainflow.

The VGs used as test specimens were perforated rectangular winglet
pair (PEWP) and perforated concave rectangular winglet pair (PCRWP)
vortex generators (VGs). Perforated is a term for holes in_the VGs, as
shown in Fig. 2. The VGs have dimensions of the same len; d width
of 30 mm, with 36 holes. The bore diameter on the VGs was 2.5 mm. The
distance between the holes was 5 mm from the center.

The VGs are placed on an aluminium plate me; 2 500 = 165 = 1
mm. The geometry and the pitch between VGs for both in-line and
staggered confi tions are shown in Fig. 3, with an angle of attack ()
of 150 [2]. The distance between the cylinders is 120 mm, with a cyl-
inder diameter of 19.05 mm.

The VGs configurations were arranged in-line and staggered on the
plate. The perforated rectangular winglet (PRW) and perforated concave
rectangular winglet (PCRW) VGs in-line configurations with one, two
and three pairs are shown in Fig. 4. For each pair, the VGs were placed

Perforated RWP
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on the left and right sides of the first row of tubes. VGs were placed in the
first- and third-row tubes for two pairs. For the three pairs, VGs were
placed on the first-, third-, and fifth-row tubes.

The PRW and PCRW VGs staggered configurations with one, two,
and three pairs are shown in Fig. 5. F e pair, the VGs are placed on
the right side of the first-row tube and on the left side of the second. The
VGs are placed on the right side of the first and third row tubes and on
the left side of the second and fourth tul r two pairs. For the three
pairs, the VGs are placed on the rmside of the first, third and fifth rows
of the tubes and on the left side of the second, fourth and sixth tubes.

2.2, Parameter definitions

The parameters in this study were derived from the equation used by
Oneissi et al. to obtain the thermal enhancement factor (TEF) [22].

Perforated CRWP

30 mm

-4
DD

L __ISmm

12,5 mm

| Smm

Fig. 2. Geometry of the VGs.
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The Nusselt number dan friction factor for the baseline conditions
are symbolised as (Nu,) and (f;), and (Nu) and (f) based on the research
of Zeeshan et al. [23]

gDy

Np=—"—"——
Ape AT agrp k

(2)

q
h=s— (3)
Awbe AT

g=mnc, (T, —T,) (4)

where Dy, Appe, ATinrp, M, Cp, Tow and Ty, are I‘aaulic diameter, tube
surface area, log mean temperature difference, mass flow rate, specific
heat, outlet temperature, and inlet temperature, respectively
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where A, dan T, are channel surface area and tube temperature,
respectively.
The result of Dy, is used to calculate Re with the formula

Pt I,

2 §

and friction factor (f) was determined to evalute the performance of
hydro dynamic using

Re=

(73

f_
where p, V. and L are the air density, inlet airflow velocity and length of
the test specimen, respectively. 3

The equation required to determine the cost-benefit ratio (CBR),
defined as the ratio of pressure drop per variation in Nu number, as
formulated by Tian et al. [25], is as follows:

p V(L + 6D)

CBR—%iD 9)

%o Nu

is concept investigates whether the method used to enhance the
hea@ansfer rate is economically efficient. In the hydrodynamic test,
the sure drop (AP) is measured by the pressure difference on the
sides of Py, and P, of the test specimen in the tested part using
equation (10):

AP = Py, — (10)

outler

2.3. Validation

The current study is a follow-up investigation to the work of Yafid
etal. [24], and the experimental setup was similar to that of Yafid et al.
The difference between the current study and the experiment of Yafid
et al. is a test object in which the current study uses concave rectangular
winglet (CRW) VGs; in Yafid et experiment concave delta winglet
(CDW) VGs are used. Whitaker et al. [25] studied the heat transfer
characteristics of airflow through a single cylinder in a rectangular duct.
The results of Yafid et al. were valid, and the same experimental set-up
was determined. The Nu value from the experiment of Yafid et al.
comparable with the Nu values from the experiments of Whitaker et al.
in the Reynolds number (Re) range of 2143 to 11,763,
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Three pairs PCRW in-line

Three pairs PRW in-line

Fig. 4. VGs pairs in-line configurations.

3. Results and discussion
3.1. Flow visualisation

A f]mnisualisation test was performed to observe the longitudinal
vortices (LV) formed after the flow passed through the VGs in the rect-
angular channel. This test was conducted under low-light conditions to
clarify the LV. The laser beam w fracted by a cylindrical glass
{diameter 5 mm), which produced a cross-sectional area perpendicular
to the direction of the flow. Smoke formed from the evaporation of the
liquid was used to visualise the LV in the flow. The VGs used in this
visualisation test were PRWP and PCEWP with an in-line arrangement,
as shown in Fig. 6.

In Fig. 6 (c) and (d), the PCRWP VGs appear to produce longitudinal
vortices (LV) in a wide flow area compared with the PRWP VGs in Fig. 6
{a) and (b) downstream. The back region of the PCRWP VGs had a wider
frontal surface area than the PRWP VGs. Consequently, mixing the near-
fluid th annel walls with the fluid in the mainstream is better,
meaning that the heat transfer rate is increased [26]. Downstream, the

LV compression in the wake area increases the fluid flow velny
passing through the cylindrical structure, thereby increasing the heat
transfer rate from the channel surface to the fluid flow in the wake re-
gion [27]. The increase in heat transfer produced when using PCRWP
VGs was better than that with PRWP VGs.

3.2, Perforated vortex generators effect on heat transfer

The increase in the convection heat transfer was due to the mixing of
fluids caused by the strong longitudinal vortices (LVs) [ 28]. The strength
of Vs is caused by the amount of VGs sets; increasing the amount of
VGs pairs in the test specimen can increase the coefficient of the con-
vection heat transfer [29], as shown in I {Z24).

In Fig. 7, we can see the convective heat transfer coefficient with
respect to the Reynolds number (Re), analysed after installing the
PCRWP and PRWP with pairs ranging from one, two and three, arranged
in-line or staggered. Based on Fig. 7, the convective heat transfer coef-
ficient increased with a rise in Re due to an increase in flow vortices and
high turbulence intensity in the channel [30], alongside a reduction in
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Three pairs PCRW staggered

\\_ -
“\\//
Two pairs PRW staggered

Three pairs PRW staggered

Fig. 5. VGs pairs staggered configurations.

the wage region and stagnation area for each increase in flow velocity
[31]. The improve in heat transfer for the staggered was better than that
for the PCRW VGs with any number of pairs at the highest Re (11,000).
The results in Fig. 7 show that the PCRWP VGs worked better than the
PRWP VGs, and the staggered arrangement of the former, with three
pairs, gave the highest yield (153.5 W/m? » K), as shown in Fig. 7(c).
Two PCRW pairs (137.33 W/m? e K, Fig. 7(b)) were better than one
(132.25 W/m? ¢ K) (Fig. 7(a)) because the VGs with a concave surface
destabilise the force of cen al of the fluid flow, strengthening the
flow vortices and making the mixing of the hot fluid near the wall with
the col id of the main flow more robust [32]. In Fig. 7(a), the con-
vection heat-transfer coefficient for the case of the in-line PEW VGs has
the same value as that of the in-line or staggered PCRW VGs in a pair of
VGs. In one pair of VGs, a longitudinal vortex is generated aft e flow
hits and weakens the VGs [29]. This result contrasts with the cases with
two and three pairs of VGs, where the longitudinal vortex produced after
striking the first VGs is amplified again when the flow strikes the second

VGs and so on. Therefore, the value of the heat transfer coefficient in the
case of a pair of PRW VGs is the same value as that of PCEW VGs at
Reynolds numbers above 8000.

3.3. Effect of perforated vortex generators on pressure drop

Using VGs can affect the increase in heat transfer, but there is ofa
an accompanying increase in pressure drop, as shown in Fig. 8, where an
increase in pressure drop can be seen along with the increases in Re and
pair numbers for both the VG types PCRW and PRW. In general, the
highest pressure drop was observed using the PCRWP VGs with a stag-
gered configuration for all Re, except for one pair of VGs. The highest
pressure drop was found in ﬂlaWP VGs with an in-line configuration
at Re greater than 8000. The pressure drop on the staggered VGs was
found to be higher than that on the in-line configuration because of the
shorter distance between the VGs of the staggered configuration than
that of the in-line [29], caused by the resistance of fluid flow against the
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Fig. 6. Visualisation of LV generated by (a) in-line PRWP, (b) staggered PRWP,
() in-line PCRWP and (d) staggered PCRWP.

walls of the VGs and the expansion of2%¢ frontal zone of the VGs in the
next-pair arrangement [33]. The pressure drop in the staggered
arrangement was lower than that in the in-line arrangement, whereas
the PEW VGs type created a lower pressure drop than the PCRW VGs
because the latter reduced the frontal area hit by the airflow, resulting in
a decrease in drag [34]. In addition, t§lfjet flow from the VG hole can
reduce the stagnation flo hich can reduce the pressure drop [35]. A
significant decrease in the pressure drop was due to the VG perforation
[36]. The best pressure drop value for one pair with a staggered
arrangement was 4.58 Pa (see Fig. 4(a)), whereas two pairs (5 Pa, Fig. 4

Results in Engineering 16 (2022) 100705
(b)) were better than three (5.4 Pa, Fig. 4(c)).
3.4. Effect of perforated VGs on thermal enhancement factor

TEF exhibited the hydraulic thermal performance while using VGs,
which played a role in restructuring the incoming fluid flow pattern. The
increase in the TEF was due to the influence of complex overlapping
structures, which meant that the flow developed into a turbulent
structure, significantly affecting the heat transfer increase [37]. The
experimental TEF es are shown in Fig. 9.

The TEF is the thermal-hydraulic performance which is the ratio of
the increase in heat transfer to the pressure drop ratio. In general, the
highest TEF was observed when the PCRWP VGs were used with a
staggered configuration, as depicted in Fig. 9. The PCRW creates wider
flow vortices that can reduce the wake area behind the cylindZ.
Reducing the wake area can reduce the recirculation zone, affecting the
heat transfer from the back of the cylinder to the stream [26]. A
large-radius, high-intensity anterior-posterill vortex can reduce the
wake area. A lessening within the wake zone increased the flow velocity
behind the tube and reduced the recirculation area, resulting in
increased heat transfer in this area [27,38]. Asshown in Fig. 9, there was
an increase in the TEF with greater pairs of VGs used for both the PCREW
and PREW VG because the PCRW produced wider flow vortices, which
reduced the wake region behind thaylindcr, thereby reducing the
recirculation zone and impacting the heat transfer increment from the
rear cylinder surface to the stream [39]. In this process, a large number
of longitudinal vortifl# with high intensities can reduce the wake area,
which increases the flow velocity downstream of the tube and reduces
the recirculation region, leading to an increased heat-ransfer rate in the
region [40,41]. Based on Fig. 9, the best TEF increase occurred at Re
between 8000 and 9000. The best TEF values, with one, two and three
pairs occurred in the staggered arrangement with PCRW VGs, at 1.18,
1.20 and 1.29, respectively (see Fig. 9).

3.5. Effects of perforated VGs on the cost-benefit ratio

Economic evaluation cannot be conducted based only on the TEF and
the net profit from the heat load of the tnsfcrmd unit [26]. Instead, it
must be determined by evaluating the economic wvalue of the
heat-transfer improvement by calculating the cost benefit ratio (CBR), as
shown in Fig. 10.

Fig. 10 show the ralt of the CBR calculation to compare the per-
centage increase in the pressure drop with the percentage increase in the
Nusselt number when using VGs. These results indicate that a lower CBR
improves thermal performance, which is greater than the drag force
[25]. The greatest increase in CBR occurred with the PEW VGs, with an
in-line arrangement, totalling 4.57, 4.95 and 3.56 for one, two and three
pairs, respectively. The lowest CBR was measured when three sets of
PCRW vortex generators with a staggered arrangement were used. The
lowest CBR were obtained with the three pairs of staggered-type VGs
PCEW. The three VG pairs showed a lower CBR than the one and two
pairs because they resulted in the greatest increase in the Nusselt
number, accompanied by a lower pressure drop increase, which lowered
the CBR. These results show that a lower CBR improves thermal per-
formance relative to resistivity [26]. A low value CBR inicates a more
economical value using VGs. In general, using PCRWP VGs with a
staggered configuration is the best.

3.6. Heat loss analysis n
Heat loss analysis was performed by considering the convection heat
transfer from the six tubes to the surrounding fluid flow. The heat
transfer rate was calculated for laminar and turbulent flows.
The heat loss in this experiment was calculated by calculating the
difference between the induced electric power and total heat through
convection from the surface of the tubes to the fluid. In this experiment,
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Fig. 7. Graphs of convective heat-transfer coefficient against Reynolds number: (a) one, (b) two and (¢) three pairs.

six tubes in a wind tunnel were heated & a heater at a power of 40 W;
the velocity of the inlet fluid is varied from 0.4 to 2 m/s at intervals of
0.2m/s or in the Reynolds number range from 2143 to 11,763. Based on
the Reynolds number range, two types of flows were determined;
laminar and turbulent. Therefore, the heat loss was determined from the
correlation between laminar at 0.4 m/s and turbulent for other veloc-
ities. The experimental data for the hydraulic diameter Dy, tube surface
area Appe, channel surface area A, and air specific heat ¢, are 0.09223 m,
0.02338908 m?, 0.01056 m® and 1.007 J/kgK, respectively. Table 1 is a
baseline for calculating heat loss

From Table 1, the greater the velocity with an increase in the Re, the
lower the heat loss. It can be observed that the heat flow from the heater
not only spreads into the tube, but convection also occurs outside the

tube. The heat output increased with Re, i.e, the higher the flow velocity,
the greater the turbulence through the cylinder and the higher the tur-
bulence intensity. An increase in the turbulence intensity between a cold
airflow and hot cylinder with a constant surface temperature is caused
by the airflow velocity [26]. In row-tube arrays, this recirculation area
increased for the second and subsequent columns. A lower air velocity in
the circulation region indicated less airflow in the region participating in
the local heating process [37]. The heat loss under all conditions in this
experiment is listed in Table 2.

Table 2 shows that the lowest heat loss occurs when three sets of
PCRWPs are staggered. The placement of the VGs can increase heat
transfer in square ducts as the VGs create longitudinal vortices, which in
tum increase vortex strength in the wake region downstream of the tube.
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Longitudinal vortices make the overall temperature field more uniform, 3.7. Uncertainty analysis
improve heat mixing and boundary layer m@ification, and improve
heat transfer performance. A higher number of vortex generators creates In this section, uncertainty analysis canation data will be shown
more longitudinal vortices and significantly increases heat transfer [26, for the temperature at base-line conditions with a velocity of 0.4 m/s as
29]. shown in Table 2.
From these data, it is found that Ty, can be calculated by the
equation as
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Then, the average standard deviation is obtained by the following
formula.

=4956°C (11)

Truwe =

'llz?‘:1(Tmbzi - Tuktjz

Sube = =0.029
Stube Vj NN —1)

(12)

Therefore, the average Tys can be written as 49.5 + 0.029 °C. Ty
calculation results obtained 32.95 °C. The average standard deviation
was calculated using the following equation:

=N g 2
.r,-...—\';'iz‘“g;" IT“‘J _0551
E

Furthermore, the average value of T,, can be written as 32.95 +

(13)

(¢)

Fig. 9. Graph of thermal enhancement factor against Reynolds number:

10

gnne, (b) two and (c) three pairs.

0.051 °C. Using the same equation, the standard deviation of T, was
fota to be 0.033. Thus, the average T, value was 29.75 + 0.016 °C.

The value of g at a speed of 0.4 m/s was found to be 19.48 W. To
determine of the standard deviation of g, the following equation was
used:

i 2 2
| a a
RSS, = | (.\-(ﬂﬂx,,) dr“' ) + (.\-(ﬂ}",,) “')
aul dlj in

21
dl. d{m sc, o0, —mec, e Tm]
ar,., dT,

ol o

(14)

=mecep

dg  d(mec,eT,,—mec,e Ti)
ar, dT,

in in

= —(mecep)

where s(AToy ) = 0.051°C and 5(ATy ) = 0.033°C, ensuring, that RSS; =
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Fig. 10. Graph of cost-benefit ratio

Reynolds ;
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T
[

+ 0.29“'0. Therefore, the heat transfer rate g becomes 19.48 + 0.290 O AT ) d(

W. The value of A Tim at a speed of 0.4 m/s was found to be 18.56 “C. To 0T s
determine the value of the standard deviation of ATjny we used the
following equation:

: (a) one, (b) two and (c) three pairs.
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{ ; 2 P 2 ; 3
i A AT, ., (AT, ., A AT,

RSSur, = |f (.v( M,W)‘dr—“”) + (.vmn.,)‘dr—‘“‘”) + (.vmr,,.)‘T“”)
ube o in

(as)

3 e =Toag )= e =T : G(Mv:i—_';LLr“")
AT ) = HAT i) T
0Toe T e a7, a7,

11
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Table 1

Heat loss baseline.

qloss
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q input
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g conv
(W)

T tube AT AT (T tube - T Nu h(wWy
inlet) mEK)

(9]

T outlet

T inlet
(9] (cy
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Table 2

Calculation of heat loss for the whole case.
type VGs q conv (W) q input (W) q loss (W)
Baseline 20,74 40 19.26
PCRWFI1 2515 40 14.85
PCRWFI2 27.55 40 1245
PCRWFI3 2761 40 1239
PCRWPS1 2643 40 13.57
PCRWPS2 2643 40 13.57
PCRWPS3 27.94 40 1206
FRWPI1 2409 40 1591
FRWFIZ 27.25 40 1275
FRWFI3 2B.82 40 1118
FRWPS1 23.94 40 16.06
FRWFS2 26.37 40 1363
FRWFS3 2812 40 1188

Table 3

Base-line test temperature data at a speed of 0.4 m/s.

T (Tube;) T (Tubey) T (Tubes) T (Tubey) T (Tubes) T (Tubeg)

49.19093 51.21368 48.32313 4976915 47.80219 51.27142
49,1834 5117728 48.3156 49.79053 47.7657 51.2639
49.14545 5116826 48.30655 49.7526 47.7856 51.25489
49.12105 5117277 4828214 49.72821 47.76118 51.2594
49.15297 51.20465 4828515 4973122 47.73524 51.2624
49.09966 51.15141 48 28967 4973573 47. 76871 51.26691
49.09815 51.14991 48.23029 4973423 47.73826 51.29428
49.08912 5114089 48.25019 49.667 39 47.72922 51.22751

where s(ATpg.) = 0,029°C, s(AT,y) = 0,051°C and s(AT},) =0,033°C;
we get RSSa1,,,, of £0.043, ensuring, that the obtained AT, is 8.56 +
O.fé

The value of Nu at a speed of 0.4 m/s was found to be 155.31. The
standard deviation of Nu was obtained using following equation

Ifanu\® ) dVu
RSSy, = V’ (.\'t_qr] d_Q) + .\'ﬂ_AT&,,_.J)m (16)

dNu d(ge DyAr' e AT;‘LJ . .k_') D,
a dg {AN{AT}) (k)

aNu  dlgeD,eAr! o AT, k') gDy,
AT, AAT B (A1) {AT&,,_.JJE k)

With the values of s(q) = 0.290 W and s{ATjus) = 0.043, the ob-
tained RSSy, was +2.889 WAm> C). Therefore, the value of RSSy, is
1558 + 2.889 Wm™C.

The value of h at a speed of 0.4 m/s was found to be 44.86. To
determine the standard deviation of Nu the following equation is used

I any’
RSS, = V’ (.\ {Nu) Nu) (17)
dr d(hDy k) k
aNu b D,

Furflfrmore, the value of Dy is 0.092 m and k at Ty = 40.24 is 0.026. So
the value of h at a speed of 0.4 m/s is:

2

I
(. di
RSS;, = ‘b'll (.\ {Nu) m) =0, 83

Thus, the number haa speed of 0.4 m/s is 44.86 + 0.83. So, the
error h for the baseline at a speed of 0.4 m/s is

ﬁ x 100 (18)
1

Error=
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Table 4
Baseline pressure drop data at a speed of 2.0 m/s.
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Table 6
Overall error TEF.

AP (Pa) Variasi Vortex Generator Overall Error TEF (Berlubang)
Data to 20 m/s Data to 20 m/s 1 RWF in-line 0.47%
1 0.013 16 0.012 i m: ﬁﬁ gj’x
2 0.013 17 0.013 ) WP seaggered 0.47%
3 0.013 18 0.012
4 0.013 19 0.012 2 RWP staggered 0:47%
3 RWP staggered 0.43%

5 0.012 20 0.013 1 CRWP in Jine 0.45%
: oo . o awh i
8 0.012 23 0.013 3 CRWE in-line 0.42%
9 0013 " 0012 1 CRWP staggered 0.45%
10 0.013 25 0.013 2 CRWP staggered 0.45%

. . 3 CRWP staggered 0.41%
1 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012 fﬁ
15 0.013 0 0.012 |3 (TEF; —TEF)”

g=g == 07 (22)
\ NN —1)
Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form
Error= YT 100 = 1.51% of percentage can be calculated using the following equation:

From the test in the baseline case with a speed of 2.0 m/s, the results
of the pressure drop are listed in Table 4, which show that the average P
can be calculated as follows:

AP APy + AP + x;;’; + .+ APy

The average standard deviation of the pressure drop can then be
calculated using the equation

=351P, (19)

$= ;Z:F'(i‘J

89 x10°
| = NN—1) *

(20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is
3.51 + 8.9 x 10 °Pa. Then, the error in the form of percentage can be
calculated using the following equation:

8.9 x 1077

351

The equal calculation approach changed into used for all data.
Therefore, the overall error outputs fgZthe pressure-drop vortex
generator with placement variations (in-line and staggered), Re and
amount of VG sets (one, two and three) are listed in Table 5.

The average TEF results from the experimental results can be
calculated as follows.

x 100 =071

TEE TEF, + TEF, + TEF; + ... + TEF ),

12

Then, the average standard deviation of the TEF can be calculated
with the equation

=1.12

(21)

Table 5
Overall pressure drop (AP).

.07
T 100 = 0.94%

The overall error results for the TEF vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 6.

First, find the average CBR of the experimental results with the
following formula.

CBR, + CBRy + CBR; + ... + CBR;>
12 190

The average standard deviation of the pressure drop CBR can then be
calculated using the following equation:

CBR = 14

(23)

S (CBR, — CBRY
s | i (CBR, )

TS TR

(24)
The CBR value is 2.14 + 1.60. Then the error in the form of per-

centage can be calculated using thefollowing equation:

1.60

214" 100 = 0.63%

The overall error results for the CBR vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 7.

4. Conclusion

Based on the experimental results for perforated concave rectangular
winglet pair vortex generators (PCRWP VGs) used to increase the heat
transfer of airflow through heated tubes arranged in-line in the duct, we

Table 7
Overall error CBR.

Vortex Generator Variations Overall Error P (perforated) Variasi Vortex Generator Overall Error CBR (Berlubang)
1 PRWP in-line 2.94% 1 RWP inine 0.32%
2 PRWP in-line 2B7% 2 RWP in-line 0.29%
3 PRWP in-line L9E% 3 RWP inine 0.45%
1 PRWP staggered 2B8% 1 RWP staggered 0.32%
2 PRWP staggered 2.34% 2 RWP staggered 0.31%
3 PRWP staggered 1.36% 3 RWP staggered 0.45%
1 PCRWP in-line 272% 1 CRWP in-line 0.4%
2 PCEWP in-line LB 2 CRWP in-line 0.42%
3 PCRWP in-line LB 3 CRWP in-line 0.56%
1 PCRWP staggered 2.43% 1 CRWP staggered 0.43%
2 PCEWP staggered 1.91% 2 CRWP staggered 0.42%
3 PCRWP staggered 0.97% 3 CRWP staggered 0.66%

13
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conclude that using PCRWP VGs affects the convection heat transfer
coefficient, pressure drop in achieving aulic thermal performance
and cost-benefit ratio. In our investig , the best heat-transfer con-
vection coefficient was 153.5 W/m> » K for the three pairs of PCEW VGs,
in a staggered manner. The greatest improvement in the pressure drop
value (4.58 Pa), occurred for one pair of PCEW VGs arranged in a
staggered manner, whereas the hydraulic thermal performance was the
best (1.29) in this experiment with the three pairs of PCRW VGs ar-

ged in a staggered manner. Finally, the best CBR (3.56) was recorded
for the three pairs of PCEW VGs composed in a staggered manner.
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